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ANATLYSTIS OF A BYPASS ATR CONTROL SYSTEM FOR A
SUPERSONIC MIXED-COMPRESSION INLET
By Stuart C. Brown

Ames Research Center

SUMMARY

An investigation was made of the control system parameters for an example
bypass air flow control system for a simulated supersonic mixed-compression
inlet. The engine inlet was simulated through use of an analog computer; the
flow nonlinearities considered were obtained from wind-tunnel tests.

A criterion was developed for determining control system parameters,
including effects of pressure signal location, for a given inlet. The crite-
rion consisted of the determination of the maximum controllable engine distur-
bance rate subject to a time domain stability constraint. This constraint,
based on the response of the controlled system to initial errors, was suitable
for use with typical pressure signal nonlinearities including asymmetrical
ones. Effects of variations in the stability constraint on the desired signal
shape for a predetermined combination of linear system dynamics were obtained.

Effects of typical static pressure varlations at different locations in
the inlet when used as control signals were investigated. The departure from
steady-state nonlinearity for the example signals downstream of the terminal
shock wave tended to be in the opposite direction from the previously deter-
mined "desired" variation. The ability of an asymmetrical on-off system to
control disturbances was also investigated. (A larger on-value was used to
correct disturbances that tended to unstart the inlet.)

An investigation was also made with a linearized inlet representation of
effects of different longitudinal signal locations and of variations in the
dynamics of the associated control system components. ZFor the control of
engine disturbances, the pressure signal location near the aft e€nd of the
inlet was best. However, because of the influence of the remaining dynamics
in the system, the improvement in the ability to control disturbances was only
moderate.

The response of the linearized controlled inlet system to a statistically
described longitudinal gust disturbance was calculated. The results showed
that the control system requirements for the gust disturbance were less
stringent than those for engine disturbances.



INTRODUCTION

Important aspects of the design of an airbreathing-engine inlet which
operated above M = 2.2 are the varisble geometry reguirements and the associ-
ated control systems needed (refs. 1-6). For moderate supersonic speeds
(below approximately M = 2.2), an external compression inlet is reasonably
efficient; the flow is compressed through a series of oblique shock waves plus
a normal shock wave outside the duct. At speeds greater than M = 2.2, the
advantages of a mixed-compression inlet become significant. For this inlet,
the final compression takes place within the duct and terminates by a normsal
shock wave just downstream of the inlet throat. The flow in this type of
inlet is sensitive to operating conditions and hence requires accurate and
rapid flow control. Moreover, a disturbance of sufficiently large magnitude
will cause the normsl shock to be expelled from the inlet, and the inlet to
unstart. The concomitant flow fluctuations cause a mismatch with the engine
flow demands, and a loss of thrust until the inlet geometry is varied in the
proper sequence to restart the inlet.

For efficient stable operation of the inlet, two control systems are
needed, one to control the inlet geometry and one to control the bypass flow.
Geometry control is needed so that the inlet compression surfaces can be
varied with supersonic flight conditions in order to obtain efficient inlet
compression. Since flight conditions change fairly slowly, the response of
the geometry control system can be slow. Bypass flow control is needed to
match inlet airflow to engine requirements. The bypass control must have a
fast response to correct any abrupt changes in engine flow and prevent an
inlet unstart. Because of its fast response, it may also be used to correct
for high frequency upstream disturbances, such as gusts. The bypass system
can more readily control disturbances when the bypass flow is adjusted to posi-
tion the terminal shock wave farther downstream from the throat. However, a
compromise in this adjustment must generally be made since the farther the
shock wave is positioned downstream of the throat, in order to decrease the
likelihood of an inlet unstart, the greater is the loss in steady-state
compression efficiency.

The selection of pressure signals adequate for the design of inlet bypass
control systems 1s a problem because the signal must adequately describe
changes in flow conditions due to disturbances over the full range of flight
conditions. While intuitively it appears that locations near the aft end of
the inlet provide the best signals to control engine disturbances, these loca-
tions have certain disadvantages. The signal gain is relatively low, so that
the difference between the operating-point pressure and that at which unstart
occurs is relatively small. In addition, the operating-point pressure signal
required for different flight conditions must be known accurately. At more
forward locations, the signals have greater pressure variations but may be
more nonlinear.

In this report, attention will be directed to the synthesis of the bypass
control system for a representative axially symmetric mixed-compression inlet.
A suitable criterion will be determined for the evaluation of system



parameters including effects of control signal nonlinearities. Typical
effects of pressure signals at different locations and the influence of sev-
eral control system parameters on the ability of the system to control inter-
nal (engine) disturbances will be examined. Some results will also be
presented on the effect of adding an on-off control signal to a continuous
signal as well as the performance with only an asymmetrical on-off control.
The use of this latter technique could simplify the control system. While the
emphasis of the report is on the control of the engine disturbances, some
preliminary results on effects of statistically described external gust
disturbances on the inlet will also be presented.

The representation of the inlet dynamics incorporates wind-tunnel test
results and includes pertinent nonlinear effects. The tests were conducted in
the Anés” 8- by T7-Foot Supersonic Wind Tunnel and s portion of these results
was reported in reference 1. The computed results of the control system
performance were obtained with an analog computer.

SYMBOLS

é?

area of bypass opening

P

M Mach number

od mass Tflow in duct just forward of bypass opening divided by inlet

Yo capture mass flow

N average number of selected magnitude crossings with positive slope
per unit time

No average number of zero crossings with positive slope per unit time

P static pressure

Pt total pressure

RTAR constraint on degree of stability; value of absolute error integral
after first zero crossing divided by the value before the first
zero crossing (see Selection of Criterion)

RTARg, constraint on degree of stability for on-off system with dead zone

s Laplace transform varlable

Ty total temperature

ug velocity of longitudinal gust

W welght flow rate at a longitudinal station of the inlet



op

std

uc

)

corrected weight flow in inlet Jjust ahead of bypass opening,

w ’Tt/Ttstd

» Percent increase from inlet unstart condition
Pt/Ptgtg
(percent supercritical)

engine disturbance expressed as incremental corrected weight flow,
percent supercritical

incremental corrected weight flow error, actual minus operating
point value, percent supercritical

initial value of corrected weight flow error

increment in shock wave position on center body from value at
critical flow condition, positive in downstream direction

increment of ( ) from value at operating point
damping ratio

ratio of total pressure at the aft end of the inlet to free-stream
total pressure

rms of longitudinal gust velocity

rms of shock wave excursion gbout the mean value
time delay

power spectrum of longitudinal gust

frequency

Subscripts

controlled
engine disturbance

maximm value

operating point; desired steady-state operating condition for bypass
system

standard or reference value
uncontrolled
free-stream condition

differentiation with respect to time



SYSTEM REPRESENTATION

A block diagram representing the inlet bypass flow control system to be
analyzed is shown in figure l. The purpose of the control system is to adjust
the inlet airflow to a desired operating condition by diverting a portion
of the flow through the bypass. A given command sighal, which is a function
of the flight condition and desired inlet operating condition, is sent to the
controller. The controller also receives a signal pressure and divides it by .
a reference pressure to minimize effects on the signal of changes in flight
conditions. This signal is compared with the command signal. Any resulting
error causes a change in the bypass door opening. Thus there are changes in
the amount of flow diverted through the bypass opening as well as in the sig-
nal pressure and in flow conditions throughout the subsonic portion of the
inlet. The inlet flow is continuously corrected until the pressure error
determined by the controller is nulled. For efficient operation of a mixed
compression inlet, the inlet flow must be controlled within fairly precise
limits, and in particular an error mist not be sufficiently large to cause an
inlet unstart. An error in the direction opposite to that which results in
inlet unstart also must be limited to prevent excessive flow distortion and
mismatch with the engine flow demands. However, this error can be of consid-
erably greater magnitude than that in the inlet unstarting direction. Hence,
an analysis must be made of the maximum errors which result with the
controlled inlet for the expected disturbances to the inlet.

Inlet Representation and Disturbances

In this section, the form of the inlet representation for the subsonic
portion of the started inlet and a brief description of the example inlet will
be given. A description of the inlet disturbances to be used will alsoc be
included.

Inlet representation.- The general form used to represent the inlet,
sketch (a), is an expansion of the inlet block shown in figure 1. Pertinent
time histories, with the exception of the statistical averages obtained for
the gust disturbance, were generated with an analog computer.

We
Bypass Bypass Inlet Zero

ureu,Abp— linear ———()— linear memory

dynomics dynamics noniinearity

Signal
pressure, p;

Engine fiow Zero

! memory
disturbance, w, a nonlinearity

Shock-wave
position, xg

Gust disturbance, ug Upstream

- linear
for linear case A
{ ) dynamics

Sketech (a)

The disturbances to the inlet are indicated as well as the separation of
the inlet representation into linear and nonlinear portions. Flow



disturbances from the engine and bypass opening are summed to form the
perturbed flow in the inlet just forward of the bypass exit. The inlet linear
dynamics block represents the dynamics between the flow at this aft location
and at a more forward location selected for the control signal pj and also
the shock-wave position xg. Except where needed as a control signal, the xg
term is used only to indicate when an inlet unstart occurs. A nonlinear func-
tion is included on the output side of the inlet linear dynamics. This
arrangement follows from the fact that the principal flow losses and resulting
nonlinearities occur in the forward portion of the inlet. In general, effects
of both the dynamic terms and the nonlinearities become greater for the more
forward control signal locations (up to the shock-wave position).

Corrected weight flow, wy, was selected as a reference parameter to
indicate average flow conditions at the longitudinal station Jjust forward of
the bypass opening. The parameter was expressed as percent increase from the
critical value at which an inlet unstarts. Although pressure signals could
have been computed without the intermediate determination of w,, this param-
eter is useful for evaluating flow errors in the bypass region when the
effects of pressure signals are compared for different locations and when the
dynamic performance of other inlets is compared. Moreover, the parameter is
used as an error quantity for the stability constraint in the determination of
control system values subsequently described. Changes in corrected weight
flow are proportional to changes in bypass area for the steady-state one-
dimensional flow of a perfect fluid because of conservation of mass.

The bypass linear dynamics block in sketch (a) represents the flow
changes, w., Just forward of the bypass opening which result from bypass area,
Abp: changes. Two factors affect the bypass dynamics. First is the average
rate at which flow changes are distributed through the inlet volume and second
is the possible presence of restrictions on the flow after it leaves the
bypass opening. For the range of flow changes investigated, a linear
representation of the bypass dynamics is adequate.

Although the report is primarily concerned with effects of engine
disturbances, some effects of an external longitudinal gust are also presented.
The magnitudes of the disturbances investigated are sufficiently small that
linear approximations are valid. The upstream linear dynamics block in
sketch (a) represents the dynamics between a change in velocity immediately in
front of the terminal shock wave and the subsequent shock-wave motion.

Because only small changes are considered, the percentage change in this
velocity is the same as the change in free-stream velocity.

Example inlet.- The numerical values to be used were obtalned from wind-
tunnel test results for a one-third scale axisymmetric inlet designed for
mixed compression operation at M = 3.0 and with a boundary-layer bleed system
near the throat (fig. 2). The inlet internal area distribution from the cowl
1lip to the bypass exit location is shown in figure 2(b). A volume aft of the
inlet was included to simulate the effect of an engine on the inlet dynamics.
This volume was about twice that between the throat and bypass opening and
it extended about 1.6 meters beyond the bypass opening before exiting to the
tunnel flow. Variations in the pertinent steady-state inlet flow parameters




with percent supercritical flow are shown in figure 3. The shock-wave
position curve is shown as the distance downstream from the value for which
the inlet unstarts. The pressure recovery curve indicates the compression
efficiency of the inlet and has a direct effect on engine thrust and fuel con-
sumption. The variation of the mass flow ratio is due to changes in throat
bleed mass flow which also cause variations in aircraft drag.

For the bypass linear dynamics (sketch (a)), the following first-order
transfer function was obtained by a linear curve fitting of the measured
response of the pressure (near the bypass) to a sinusoidal bypass excitation.

Ve - 0.107
Abp 1+ 0.012 s

, percent/cm®

While the relationship between the corrected weight flow and the inlet static
pressure distribution near.the bypass exit was measured only for steady-state
conditions, the same relationship between the two parameters was assumed to
hold dynamically for the frequency range of interest (i.e., instantaneous
values of static pressure were assumed to indicate instantaneous values

of total pressure and temperature in determining the corrected weight flow.
Note that since corrected flow is an intermediate quantity, any errors in its
similation do not affect the accuracy of the independently determined
relationships between the inlet input and output quantities.

The inlet linear dynamics (sketch (a)) also were obtained from measured
responses to sinusoidal variations in the bypass opening. The steady-state
(zero memory) nonlinear function (fj) between w, and the pressure at a
station (i), p;, was determined. Then the measured frequency response between
W, and the function of pji was matched to a linear dynamic form. For the
example case, a time delay was used as follows

pi(s) = fi(ch_Tis)

The time delay had a maximum value of 0.006 second for pressures near the
throat and for the shock-wave position. This form was adequate for describing
the example inlet dynamics for the measured frequency range up to 30 Hz. As
previously mentioned, the principal nonlinearities in the flow occur near the
throat of the inlet. (Signal nonlinearities will be shown in the Results and
Discussion Section for particular locations and a fitted pressure
representation will be compared with wind-tunnel results.)

Engine disturbances.- The engine, or internal, disturbances to the inlet
are considered to be in the form of a corrected weight flow disturbance to the
inlet flow (sketch (a)). In the performance criterion described in a subse-
guent section, the reference engine disturbance selected will be a ramp shape.
This shape willl be related to some predicted engine disturbances for a
supersonic transport (SST) class engine.

Gust disturbances.- While most of the report is concerned with the
control of engine disturbances, the determination of the response of the
resulting system to an external statistically described gust will also be




presented. The gust disturbance is assumed to be only a change in the flow
velocity. (An examination of steady-state flow conditions indicates that the
gust direction which has the greatest tendency to unstart the inlet is a lon-
gitudinal gust which tends to decrease the air velocity relative to the air-
craft.) Since measured flight data have substantiated that both longitudinal
and vertical components of gusts have the same average magnitude for a given
turbulence condition, results which have been obtained principally from
vertical gust measurements will be used for longitudinal gust values.

The motions of the aircraft induced by longitudinal gusts would have
small effects on inlet flow compared with the gust disturbance itself. Both
the aircraft pmugoid and short period modes are affected by longitudinal gusts.
However, the phugoid mode is of sufficiently low frequency to have only s
small effect for the frequency range of interest and the short period mode is
principally vertical rather than horizontal motion. Hence, the effects of
aircraft motions will be neglected in the representation of wind velocity
changes relative to the inlet. An effect that may be important, but that is
beyond the scope of this report, is the influence of aircraft motions on flow
distortion near the inlet.

Values of the power spectral representation of longitudinal gusts were
obtained through the use of references 7, 8, and 9. The gust data in refer-
ence 8 are principally for lower altitudes than those of interest for M= 3
cruise conditions. More recent measurements are included in reference 9.
Since the results in the present report pertain to an approximately one-third
size model, the scale of the turbulence selected for the full-scale gust power
spectrum, 1000 meters, was reduced by a factor of 3. Hence, the time fre-
quency scale for the power spectrum was also increased by a factor of 3. The
results will be computed for a unit mean squared gust velocity (mps)% Conver-
sion to other mean square values can readily be made since the analysis is
linear. The resulting constants for the form of the longitudinal gust power
spectrum given in reference 7 are (for a unit mean square gust velocity and
M = 3 cruise velocity)

0. = 0.0703 (mps)2
u - )
2[1 + (0.378 w)2] rad/sec

w in radians/sec. The power spectrum used 1s defined so that a symmetrical
power spectrum of a quantity is related to its mean square value by the

equation

2 = Lm¢(w)w

Determination of inlet unstarts due to gust disturbances.- Transfer
functions are needed to relate changes in free-stream longitudinal velocity to
changes in terminal shock-wave position and to changes in the pressure signal
used for the closed loop system (sketch (a2)). For this linearized case, ‘a
pressure signal at a point close to the shock wave, which corresponds to a
signal proportional to the shock-wave position, was used for control. A pre-
viously computed transfer function, determined for a similar full-scale
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axisymmetric inlet operating at M = 3.0, was modified to provide an estimate
for the one-third scale model used in the present report. This computed
transfer function was determined through use of a method of characteristics
digital computer program developed in a previous portion of the study
described in reference 1. The modified transfer function is

Nx

u

S
Suc  0.103 o3t
- - T
300 148,000 * 246

cm/mps

In modifying the transfer function to represent that for the model, all
frequency terms were increased by a factor of 3 and the gain was reduced by a
factor of 3. While some differences in geometry exist between the two inlets,
the modified transfer function is felt to be at least a first approximation to
the desired one.

A transfer function is needed to relate the terminal shock-wave displace-
ment for the controlled system, Axsc, to an external disturbance; this distur-

bance was expressed in the form of a shock-wave displacement for the
uncontrolled case AxXg,.. Constants needed for the transfer function for the
controlled system were determined, from the criterion to be discussed in the
following section, by means of the analog computer.

From the preceding relations, the power spectra for shock-wave excursions
due to gust disturbances can be expressed for the uncontrolled case as

g (Jw) oxg (-3w)

Ug Ug

st(w) = &, (w) 0y ®

and for the controlled case

FA" o DX o JAN 98 MXg
C (s c . Uc (. uc . 2
ox (w) = (3w) (-jw) (3w) (-30) | oy(w)oy
s Axsuc Axsuc Ug ug

The resulting mean square value of the shock-wave excursion was deter-
mined by a numerical integration of the equation

= J'ooo QXS(w) dw

The mean square shock—wave excursion, Oxg 2, is proportional to the mean square
turbulence level, Gu s selected.

The average number of inlet unstarts per unit time for a given operating
point expressed in terms of the shock-wave position, Xsop’ and a selected

turbulence level, q.

wo Was obtained by a mumerical integration of the following
equation (ref. 7).
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!

= Ng exp(—xSOp/EGXS

where
1/2

1 0 o
N, 2“st <J; w @xs(w)dw>

Although used for a somewhat different purpose in reference 7, the equation is
also applicable to the present case since it indicates the average number of
positive slope crossings of a certain level per unit time for a gaussian
distributed random process.

Controller and Actuator

The remaining components of the bypass control system shown in figure 1
are the controller and servo actuator. Example numerical values to be used
for these components were obtained through use of bench test results reported
in reference 1. The controller is a special purpose device which receives a
signal pressure input, divides it by a reference pressure, and compares it
with a desired value for the particular flight condition. Since only one
flight condition will be investigated, only the generation of an error signal
by the controller was simulated. While nonlinearities in the controller can
be important, only second-order linear dynamics were used for this report.

The nominal values simulated were a natural frequency of 35 Hz and a damping
ratio of 0.8 as shown by the following transfer function with a normalized

gain.

Output -
Input L, 2. 8)s
220 220

The servo valve and actuator are relatively conventional hydraulic
components as far as their operating characteristics are concerned. While
their nonlinear variations should be considered for a complete simulation,
they will not be included in this report. The servo-valve dynamics were
represented by a linear second-order term and the actuator by a single inte-
gration. The nominal servo-valve dynamics used were a natural frequency of
28 Hz and a damping ratio of 0.7. Thus the servo valve and actuator dynamics
were represented by the following equation.

Qutput -
Input 2(0 7)s
® [l " TIre <l76> ]

Note that the actuator performs as an integrating element so that a step input
to the servo valve results in a steady-state constant velocity of the actuator.
While a fairly wide range of servo-valve dynamics is feasible, a somewhat
conservative value was used for this case. Some effects of wvariations in the
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servo~-valve and controller frequencies will subsequently be shown. While
neglected for this case, the dynamics of the hydraulic transmission lines
sometimes need to be included.

Control Signal Modifications

Two discontinuous modifications of the control signal were also investi-
gated. One was an on-off control which consisted of a different magnitude of
the on signal for the error in each direction and a dead zone near the operat-
ing point value. The use of this form of signal would result in potential
simplifications in the pressure sensor, controller, and/or servo-valve. Since
the control of errors due to disturbances which tend to unstart the inlet is
more important than the control of those which act in the opposite direction,
the magnitude of the on signal to correct errors due to an unstart tending
disturbance was made greater. The use of a sufficiently large signal to cor-
rect errors in one direction makes 1t possible to minimize the errors due to
disturbances in this direction. A limit cycle in the absence of disturbances
was prevented by use of a dead zone and a sufficiently small corrective signal
for errors in the opposite direction. This improvement in the control of
errors in one direction is done, of course, at the expense of allowing larger
flow errors in the opposite direction. Criteria used to select the on-off
parameters will be given in the following section. The on-off signal was
simulated between the controller and servo as shown in sketch (b).

Servo valve Servo volve

o l ——
——-‘Mr_l - and Controller l and
_I I actuator _r‘

actuator

Sketch (b) Sketch (c)

The second discontinuous modification investigated was the addition of a
maximum on signal in one direction only when the signal error exceeded a cer-
tain value. This type of signal would provide greater control power to
counteract disturbances in the unstart direction, but would not affect the
stability near equilibrium. This nonlinearity, at the same location as the
previous one, is shown in sketch (¢). The addition of this signal would be
particularly useful when the gain of the signal pressure decreased as the
inlet critical flow condition was approached.

SELECTION OF CRITERION

The primary purpose of the bypass control system is to minimize the
maximum flow errors due to flow disturbances to the inlet. This need to make
the system as impervious to disturbances as possible leads to the use of s
high gain system with its attendant stability problems. Hence, the selection
of a criterion for evaluating the system includes the selection of a repre-
sentative maximum disturbance to be controlled as well as some constraint on
the transient behavior of the system which relates to its degree of stability.

11



Moreover, a constraint is needed which is useful with nonlinear signals and
particularly with asymmetrical nonlinear signals. In addition, disturbances
which tend to cause an inlet unstart are of greater concern than those in the
opposite direction, so that a criterion for which asymmetrical properties can
be deliberately selected is desirable. The criterion can be used to adjust
control system parameters of a selected form to control the largest possible
disturbance while still satisfying the requirements of the stability con-
straint. Besides being used for comparing the performance for the same inlet
with different control signals, the criterion can be used to compare the
closed-loop performance of different inlets.

Representative Disturbances

A representative disturbance shape will be selected for which the control
system parameters will be adjusted to reduce the maximum flow error. The
inlet 1s subject to both external disturbances, such as passing shock waves
due to other supersonic aircraft and gusts, and internal disturbances due to
the engine. Previous estimates of the effects of such disturbances on inlets
indicate that the disturbances of larger magnitude were caused by the engine.
Although the frequency spectrum for the external disturbances tended to have a
somewhat wider bandwidth, the most critical was felt to be an engine distur-
bance. However, preliminary results for an external gust disturbance will
also be given. The reference engine disturbance shape selected was a decreas-
ing corrected weight flow ramp which begins with the flow at a steady-state
condition. This direction of the disturbance tends to unstart the inlet.

Some estimated example engine flow disturbances are shown in figure L (ref. 1).
These disturbances represent flow changes at the bypass station for the uncon-
trolled inlet. The time in which the full scale disturbances occur has been
reduced by a factor of 3 to be compatible with the one-third scale inlet
dynamics. The maximum disturbance rate occurs initially for each case. Of
the three cases shown, the turbofan afterburner hard light case is the most
critical as far as inlet unstart is concerned with a maximum disturbance rate
of about -185 percent per second. While for the complete engine-inlet system
it may be desirable to modify the engine controls and signals in order to
reduce the effect of engine disturbances on the inlet, the present report will
be concerned only with selecting the inlet parameters to control the selected

form of disturbance.

The criterion selected is to determine, for a given operating point, the
maximum rate of decrease of airflow which can be controlled without causing an
inlet unstart. A degree of stability constraint on transient behavior will be
presented in the next section. A typical time history of normal shock-wave
position for a maximum controllsble ramp disturbance starting from equilibrium
initial conditions is shown in sketch (d). For
a relatively high control system gain, the shock
wave position transient will have some overshoot,
followed by a steady value dependent on the mag-
nitude of the disturbance rate since an integra-

Operating - Time tion is included in the control loop. The
point maximum error, shown in sketch (d), for the
Sketch (Q) response to a constant ramp disturbance from

12



equilibrium conditions will be indicative of the maximum errors due to
disturbances such as those shown in figure 4 for relatively high gain systems.
Hence the maximum controllable rate is the principal disturbance parameter for
these systems as indicated by the high gain curve in sketch (e). The unstart
boundaries in sketch (e) are combinations
of disturbance rate and maximum amplitude

/Hmhwm for which an inlet unstart would occur
/ LSS
&

7

without any limiting of the bypass opening.
Controlled The vertical boundary represents the uncon-

Disturbance rate
Uncontrolled unstart boundary

27
4Q“ZQ&& bt trolled case. As the gain is increased for
Lduiritiiy the controlled case, the controllsable
Low gain region under the curve is increased. For a
“Maximum disturbance omplitude system with relatively low gain, the steady-
state error due to a ramp disturbance is
Sketch (e)

approached asymptotically without overshoot
80 that the duration of the ramp modifies a larger portion of the boundary as
shown by the low gain curve in sketch (e). Since most of the results will be
concerned with performance for the high gain cases, only the limitations on
maximum disturbance rates, as shown by the right-hand portions of the curves,
will be presented.

Stability Constraint for the Continuous System

The need for a control system that will keep flow variations due to
disturbances as small as possible leads to the use of a high gain system with
its attendant stability problems. It was desired to select a constraint on
stability of the motion with respect to the operating point which was suitable
for the closed loop control system considered. The system response has zero
final error due to a step change in the command signal. For the linear case,
the system is characterized by a pair of dominant roots due to the inlet
bypass and actuator dynamics, but which are influenced by the controller and
servo-valve dynamics as well as the inlet dynamics. A time domain constraint
which could be used with moderate departures from linearity in the system and
which was suitable for computer analysis was desired

The stability-constraint selected was a bound on the overshoot response
of the system to an initial flow error without a disturbance present. This
bound is the value of the time integral of the absolute error after the first
zero crossing divided by the integral before
the first zero crossing. Hence, a measure of
the ability of the system to correct to and
maintain a desired value is obtained. The two
integrals are shown by the two shaded areas in
sketch (f).

Sketch (f)

The transient error quantity selected for
the constraint was the inlet corrected weight
flow just forward of the bypass exit. The flow at this station was felt to be
more indicative of the corrective bypass control applied than flow indications
at other stations such as the shock-wave position near the throat. The ini-
tial error simulated, starting from an initial steady-state flow condition,

13



was a step signal to the controller to return the inlet flow to a desired
operating point condition. The degree of stability constraint for which this
"ratio of the integral of the absolute errors" is used will be designated RIAE.
This constraint is seen to be similar to a maximim overshoot constraint. How-
ever, the RIAE constraint is felt to have an advantage over maximum overshoot -
constraint in that it will influence the design of the system if an additional
higher frequency, lightly damped oscillation is also present in the transient.
Note that the RIAE constraint is useful for either linear or nonlinear systenms
which result in zero final error. A modified form of the constraint can be
used for systems with dead zones or hysteresis nonlinearities by the use of
integrals of the error quantity outside the hysteresis or dead zone.

For a nonlinear system, the value of the integral ratio will vary with
the magnitude of the initial error, although for a linear system it is inde-
pendent of this quantity. Hence, for the nonlinear cases, the value of the
integral mist be evaluated for the range of initial conditions of interest.

On the other hand, it will be advantageous to purposely vary the desired wvalue
of the RIAE constraint with initial error to meet particular control require-
ments. Since requirements for control for the present case depend on the
direction of the disturbance, it is desirable to specify an asymmetrical vari-
ation. In order to obtain an increase in the maximum controllable disturbance
ramp which tends to unstart the inlet, but still maintain the degree of sta-
bility near the operating point, the stability constraint requirements were
relaxed for initial errors in the unstart direction in the manner shown in
sketch (g). The wvalue of the RIAE constraint increases linearly with magni-
tude of the negative initial error from that at
the operating point flow condition to a maximum at
RIAE RIAE the inlet unstart condition. For positive initial
. flow errors, the constraint remains constant. The
| effect of using this form of the constraint is seen

Steady-siate ' to be that a larger corrective signal can be
”mm"\\1 applied for the larger negative flow errors, while
W, (0) a more stable behavior for errors near the oper-
ating point and for positive flow error is main-
Sketch (g) tained. The effect of different maximum values of

the constraint on the ability to control distur-
bances and the resulting desired signal shape for the example inlet will be
shown .in a later section.. The range of initial errors selected to satisfy the
constraint for the increased corrected air flow was the same as that for the
decreased corrected flow. For an actual case, the increased flow limit would
be determined by inlet flow distortion and inlet-engine mismatch considera-
tions. For the results which will be presented, a value of RIAE = 0.1 was
selected for initial positive corrected flow errors.

A closed form result for the effect of the constraint can be obtained for
a simplified linear case. If the controller, servo valve, and inlet dynamics
are neglected, and the bypass dynamics are represented by a first order term,
then the order of the system is reduced to second order. The damping ratio of
the system can be expressed as a function of the open loop gain and then the
transient response for the selected initial condition is a function of the
damping ratio. An expression for the RIAE integral ratio constraint can
therefore be derived as the following function of damping ratio:
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RIAE =

For the selected RIAE constraint of 0.1, the loop gain is restricted to a
value such that the system damping ratio > 0.67.

Stebility Constraint for On-Off System

The RIAE constraint previously described cannot be used when the final
error for a transient is different from zero. For the on-off system described
in the System Representation section, a modification of the stability con-
gtraint i1s needed since the final error is not zero because of the dead zone.
Moreover, a different constraint for the signal level in each direction will
be selected; the one to correct negative initial flow errors would be less
stringent. The initial flow error range was selected to be the same as for
the continuous case. For the on signal which corrects positive initial flow
errors, the constraint selected was such that zero overshoot should cccur for
the maximum positive initial error of interest (see solid curve in sketch (h)).
This restriction provides a margin for
the prevention of a limit cycle with no
disturbance present since the opposite
dead zone boundary is not crossed even
for large initial positive errors. The
signal which corrects negative flow
errors was restricted so that the ratio
of the integrals of errors outside the
dead zone was within a selected value,
RIAEg,, for the most negative initial
error of interest (see areas under
dotted curve in sketch (h)). Thus, for
a selected RIAE3y constraint, a param-
eter search was made with the analog
computer for the combination of positive and negative signal levels and
symmetrical dead zone which ylelded the largest ramp disturbance (tending to
unstart the inlet) which could be controlled.

Sketeh (h)

RESULTS AND DISCUSSION

The results, obtained with an analog computer, will be presented as
follows: (a) A brief comparison will be made between calculated inlet dynam-
ics and wind-tunnel test results to demonstrate the adequacy of the inlet
representation. (b) The effect of several variations in the previously dis-
cussed RIAE stability constraint on the maximum engine disturbance rate which
can be controlled will be given for the example inlet and nominal control sys-
tem dynamics. (c) The optimum signal pressure variation required to achieve
the results noted in item (b) will be presented. (d) The control system per-
formance, using a fixed RIAE stability constraint, will be compared for sev-
eral different locations of the control signal. (e) Effects of deliberate
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control signal simplifications including an on-off control will also be
presented. (f) For the linearized case, some effects of variations in the
inlet and system component dynamics and of the use of lead on the ability to
control engine disturbances will be presented. (g) Some preliminary results
of the influence of statistically described gusts on the inlet operation will
also be presented.

A brief discussion of the example inlet and the numerical values used are
given in the System Representation section along with nominal wvalues of the
controller and servo dynamics.

Comparison of Simulated Inlet Dynamics With Experiment

A Dbrief indication of the adequacy of the form used to represent the
inlet response to a bypass flow input as described in the Inlet Representation
section is shown figure 5. The response of static pressure 1.3 cm aft of the
geometric throat on the centerbody to a particular sinusoidal bypass area
amplitude is shown. The function, p/ptoo VS. Wo, 1s the zero memory nonlinear-
ity for the inlet representation in sketch (a). Since the normal shock wave
moves past this station for the flow disturbance range selected, the static
pressure varies only for the portion of time that the shock wave is upstream
of the pressure orifice. The measured and computed wave forms have been
centered relative to each other in order to facilitate shape comparisons. The
phase differences as determined from peak values are also shown. The com-
puted results give good agreement with the measured results for the frequency
range shown. It should be noted that with this form of representation, the
computed wave forms are symmetrical about each peak. For stations farther
downstream for which both positive and negative peaks occur, the computed
positive and negative peaks are one-half of the excitation period apart as in

the linear case.

Effect of Variations in Stability Constraint

As discussed in the Selection of Criterion section, it is desirable to
relax the degree of stabillity constraint for large flow errors which tend to
unstart the inlet (sketch (g)) so that larger disturbances in this direction
can be controlled. The effect of changes in slope of the previously discussed
linear variation in the constraint with initial flow error and the correspond-
ing RIAEy is shown in figure 6. Both the maximum disturbance which can be
controlled and. the nonlinear signal shape for a given constraint variation are
shown (figs. 6(a) and 6(b)). The inlet linear dynamics for a pressure sensor
near the shock-wave position (T = 0.006 sec) were used. The only nonlinearity
selected was the variation in pressure signal with inlet flow condition.

Since the stability constraint varies with initial flow errors in only
one direction, the corresponding signsl nonlinearity occurs essentially in
only one direction (fig. 6(b)). The constraint is more stringent for the
small negative initial errors than it is for the larger negative ones. Hence,
the desired signal shape was obtained on the computer by determining the
values for small initial negative flow errors and then increasing the initial
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error range until the signal for the entire flow range of interest was
obtained. The nonlinear curve in figure 6(b) is shown relative to a linear
signal. This signal has been normalized such that a unit steady-state value
would result in an inlet unstart. For the selected form of constraint varia-
tion and a given set of system dynamics, the resulting signal shape for the
deviation from linearity was the same for the different wvalues of RIAEp.
Hence, once this curve shape is determined, only the maximum values of the
signal need to be given as shown in figure 6(a). For the example dynamics, an
xt-7s power curve matched the desired curve shape quite well and is shown in
figure 6(a) for RIAEm = 1.5. Furthermore, it follows that since the curve
shape is independent of RIAE,, the maximum signal can be expressed as the
function of RIAE, shown in figure 6(a). A determination of the desired
results with a simpler square power shape was also investigated for the range
of RIAE, of interest. As indicated by the circled point on figure 6(a) for
the maximum value of RIAEy, the performance is not very sensitive for the
example inlet to the difference between the x1*75 and x? power curves. The
addition of a cubic term was also investigated but the effect was too small
to be shown on the figure. The effects of moderate variations in dynamics
(for a fixed RIAEm) on the desired curve shape were also investigated. To a
first approximation, these differences could be accounted for primarily by a
change in the maximum signal with the same signal shape rather than changes in
the entire signal shape.

An improvement in the ability to control disturbances over the linear
case (RIAEm = 0.1) is seen to occur as the RIAE, constraint is relaxed. How-
ever, a point of diminishing returns is reached for the larger values of
RIAB.

Some typical time histories are shown in figure 6(c). The resultant
asymnetry in the nonlinear response is apparent from the two initial condition
cases. While the response to the ramp disturbance becomes rather oscillatory,
only the initial portions of the time histories up to the time that the first
peaks occur are of interest.

As was previously discussed, the RIAE constraint used is similar to a
maximum overshoot constraint but is useful for a wider class of systems. This
improvement occurs because the RIAE integration allows an averaging effect and
also 1s sensitive to any lightly damped higher frequency motions. The two
constraints were compared briefly to determine the difference in optimum sig-
nal shape for a linear variation in the constraint with initial error. The
best signal shape for the maximum overshoot constraint was found to vary near
x1°® power as contrasted for the RIAE variation of x1'7° power for the same
system dynamics. For a selected maximum signal, the effect of this difference
in signal shape on the maximum controllable ramp disturbance is wvery small for
the example case.

To indicate the ability of the system to control a disturbance different
from that used in the design, the effect of a sinusoidal engine flow distur-
bance is shown in figure 7. Two linear cases are shown for which the RIAE
constraint is constant for the range of initial conditions. The RIAE = 0.1
value is selected to give good damping properties, while the RTAE = 1.5 value
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is an example in which the stability constraint is relaxed so that the gain
can be increased to reduce errors due to low frequency disturbances. The
optinum nonlinear case 1s the same as that shown in the previous figure with
RIAE, = 1.5. For this case, the amplitude of the disturbance input for most
of the frequency range was that which would just cause the inlet to unstart
for the uncontrolled case. In the frequency range for which the negative
error for the controlled case exceeded the uncontrolled one, the disturbance
amplitude was reduced so that the inlet flow would Just reach the unstart
condition. Both negative and positive maximum deviations for the same input
amplitude are shown.

The comparison from figure 7 shows that, for the linear case, the use of
the RIAE = 0.1 constraint causes only a moderate amount of overshoot in the
higher frequency range. The change to RIAE = 1.5 constraint permits an
increased gain. While this change allows an improvement in the response at
the lower frequencies, the response is worse at the higher frequencies near
the natural frequency of the closed-loop system and is a consequence of the
underdamped system. The flow errors in the direction of inlet unstart (maxi-
mum negative error) are seen to be less for nonlinear RIAE, = 1.5 than for
linear RIAE = 0.1 for the entire frequency range shown. This improvement
occurs at the expense of greater flow errors in the opposite direction, for
which the inlet flow requirements are more tolerant. The response for the
nonlinear case 1s seen to be improved even at the higher frequencies. This
improvement is a consequence of the combination of the asymmetrical nonlinear-
ity and the actuator which is represented as an integrating element. For a
periodic flow condition to occur, the average signal for the portion of the
loop from the nonlinearity to the integrating element (from output of the
inlet to input of the actuator) must be zero. The portion of the loop from
the integration to the nonlinearity, which includes the corrected airflow
quantity (sketch (a)), will have a steady-state component as well as a peri-
odic one. The sign of this steady-state component depends upon the direction
of the asymmetry of the nonlinearity.

Effect of Example Control Signals on Performance

In this section, the effect on bypass control system performance of
several different static pressure control signals obtained from measured wind-
tunnel results will be examined. The effects of these signals will be com-
pared by means of the previously described criterion of the maximum
controllable engine disturbance rate subject to the stability constraint.

A centerbody static-pressure signal near the normal shock wave is
evaluated in figure 8. The steady-state variation of the signal with cor-
rected flow is shown in figure 8(b). The indicated variations in signal gain
are largely associated with changes in shock-wave location. Near the critical
flow condition, the signal has a relatively low gain, but as w, Iincreases
and the shock wave moves farther aft toward the signal location, the signal
gain increases until the signal limits. The limiting indicates that the shock
wave 1s downstream of the signal location. While this general behavior usu-
ally occurs near the normal shock wave, other cases can be considerably differ-
ent, of course, because of factors such as proximity to a boundary-layer bleed
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and the particular shock-wave pattern. Note that this variation in magnitude
of signal gain with inlet airflow is the opposite from the desired variation
shown in figure 6(b).

The conseguence of this variation in signal gain on the ability to
control a ramp disturbance is shown in figure 8 for a range of operating
points expressed as the corrected weight flow parameter. The corresponding
effects of operating point changes on pressure recovery and bleed flow can be
obtained from figure 3. The particular RIAE constraint variation used is
indicated in figure 8(a). In obtaining the example signal curve in fig-
ure 8(a), the loop gain was adjusted for each operating point to the maximum
value for which the stability constraint was still satisfied. The optimum
signal curve is that which would be obtained if the same signal shape shown in
figure 6 were used relative to each operating point. While the same nonlinear
variation with different operating points could not actually be achieved, of
course, the curve is useful as a reference. Thus, the maximum controllable
negative disturbance for the optimum signal has a linear variation with
operating point as does the linear signal.

The performance resulting from the example signal is seen to be consider-
ably reduced from the linear and optimum signals at the larger corrected flow
operating points. This reduction is a consequence of adjusting the loop gain
to meet the stability requirements for flow errors greater than the operating
point value and for which the signal gain is relatively high. For flow errors
less than the operating point value, the signal gain and, hence, the effective-
ness of the control are reduced. Furthermore, since the use of the larger
airflow operating points is accompanied by a reduction in steady-state pres-
sure recovery, it is desirable, of course, to minimize this trend. Note that
relaxing the RIAE constraint for a decreased airflow initial condition does
not improve performance for this form of signal in which the magnitude of the
signal gain increases with inlet airflow because the loop gain parameter is
determined by the increased airflow initial conditions.

A comparison of the calculated controllable disturbance rates for the
example signal (fig. 8) with the estimated engine disturbances (fig. 4) is of
interest. The afterburner hard light with the -185 percent per second maximum
disturbance rate is too large to be controlled without inlet unstart for the
example signal and stability constraint selected. Even for the linear or
optimum curves, the operating point value of airflow would have to be so large
that the loss in steady-state pressure recovery would be significant (fig. 3).
On the other hand, it is seen that the throttle advance disturbance (with an
initial rate of about -40 percent/sec) can be controlled through use of the
example pressure signal for an operating point with only a moderate loss in
pressure recovery.

As was previously mentioned, the response of the control systems of
interest is sufficiently fast that the maximum disturbance error generally
occurs before the maximum value of the disturbance occurs. For instance, for
the disturbances shown in figure 4, the maximum values in the negative direc-
tion occur in about 0.125 second while the transient response errors for the
optimim and linear signals reach a maximum in less than this interval. How-
ever, for the example signal, the transient response to a negative ramp
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disturbance decreases as the operating point is increased since the effective
gain as the critical flow condition is approached is decreased (fig. 8(c)). A
rise time to 90 percent of the final flow error of 0.125 second for the maxi-
mum ramp disturbance occurs for wg = 5.1 percent. Hence, for operating
points appreciably greater than this value, the bypass control becomes less
effective for this maximum disturbance frequency range of interest which is
determined from the peak value in 0.125 second. Thus, the maximum disturbance
amplitude for the uncontrolled case (as determined by the operating point)
would become a more dominant parameter in determining the controllability of

“the disturbance.

The response in the negative flow error direction of the closed-loop
system with the example pressure signal to a sinusoidal engine disturbance is
shown in figure 9. Disturbance amplitudes were selected in the same man-
ner as those for the results shown in figure 7. A sufficilently large operat-
ing point (WCO = 7.5 percent) was selected so that nonlinear signal effects

could be illustrated. The solid curve represents the case with the control
gain adjusted for the RIAE, = 1.5 constraint and the selected operaping point.
The dotted curve indicates the effects of an increased control system gain.
This ilncreased gain is approximately the same as the increase in open-loop
gain, for the portion of the control loop excluding the pressure signal, which
was determined for the system with only slightly supercritical flow conditions.
For these conditions the pressure signal gain was at its lowest wvalue.

The comparison of the two curves is qualitatively similar to that
expected for the gain variation for a linear signal. With the lower gain,
the control is not as effective at the low frequencies, but no severe over-
shoot problem is encountered at the higher frequencies. The high gain case
does indicate considerable overshoot which is characteristic of a lightly
damped system. Note that even in the highest frequency range shown, the flow
error for the controlled case is somewhat higher than that of the (unity)
uncontrolled case. Again this difference is a consequence of the asymmetrical
pressure signal as was noted for the optimum signal case shown in figure 7.
For the example signal, the magnitude of the gain variation with airflow
(fig. 8(p)) is in the opposite direction from that of the optimum signal
(fig. 6(b)). Hence, the difference between the controlled maximum negative
errors and uncontrolled errors at the higher frequencies is of opposite sign

for the two cases (figs. 9 and 7).

One way to improve the response of a system with poor signal character-
istics, such as that for the larger operating point values shown in figure 8,
would be to add a second pressure source so that the summed signal would have
the desired variation. A simplification of this approach is of interest in
which a meximum "on'" signal is sent to the servo-valve when a certain thresh-
old pressure is exceeded due to a disturbance which tends to unstart the
inlet. This threshold pressure signal could be obtained from either the same
pressure source or a second one intended to give better accuracy near the on-
gignal threshold. For the case shown, the dynamics for the on-signal are the
same as those for the example signal. The magnitude and threshold of this
gsemi-on-off signal were selected for each operating point by means of the
previously used RIAE constraint variation indicated in figure 8(a). Further
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details concerning the similation of the signal were given in the System
Representation section.. The additiig/of the semi-on-off signal is seen to
result in a considerable improvement” in performance over the example signal
only (fig. 8). While performance could equal the optimum signal curve if a
particular nonlinear function of the signal were generated by the controller
(for flow conditions less than signal saturation), the improvement from the
semi-on-off case would not be significant for this example.

The performance with a centerbody signal 7.6 cm aft of the throat is
shown in figure 10. The RIAE variation was the same as in the previous case.
A moderate improvement in performance from the previous case (fig. 8) is seen
to occur for the larger operating point locations. This improvement results
from the smaller undesirable increase in signal gain with increased airflow
since the difference in inlet dynamics between the two stations is negligible
(v = 0.006 sec for both cases).

The performance with shock-wave position as a control signal is shown in
Tigure 11. Using this signal results in good performance since it varies
between the linear and optimum curves for the operating point range shown.

The reason can be seen from the comparison of the steady-state shock position
variation with the desired steady-state signal characteristic (fig. 6(b)).

The departure from linearity for both curves is seen to be in the same direc-
tion. While the use of shock-wave position as a control signal is desirable
from a performance standpoint, practical difficulties exist in its implementa-
tion. Multiple pressure locations and a means for summing them which is
sultable for different flight conditions must be provided.

The effect of a control signal at an aft centerbody position in the inlet
near the bypass opening is indicated in figure 12. The performance is seen to
be fairly close to that of the linear case since the departure of the steady-
state signal from linearity is less than that for the previous cases shown.

In addition, the linear and optimum signhal performances are improved from
those shown previously since the time delay between the airflow near the
bypass and pressure signal location no longer exists. However, the signal
gain is seen to be relatively small so that the total change in static pres-
sure over the range shown is quite small. Moreover, the generated operating
point signal must be quite accurate and this accuracy must be obtained for the
required range of flight conditions. Hence, while this signal is attractive
from the standpoint of control of engine disturbances, serious practical
difficulties, caused by the small signal variation, hinder its effective use.

Performance With On-0ff Control

The performance for an example asymmetrical on-off system with the
dynamics for a pressure signal near the shock wave and with the previously
used controller and servo-valve dynamics is shown in figure 13. The dead zone
is included so that a limit cycle will not occur in the absence of distur-
bances. The previously discussed RIAE constraint cannot be used for this case
because the dead zone prevents the final error from approaching zero. Hence,
each signal magnitude and the dead zone were selected on the basis of modified
stability constraints as described in the Selection of Criterion section.
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The maximum disturbance that can be controlled without inlet unstart is
shown in figure l3(a), while the on-signal levels and dead zone variations are
shown in figure 13(b) as functions of the modified stability constraint. The
"on" signals are shown relative to the previously used normalized linear sig-
nal. Tor that case, the corrective signal was normalized so that a value of
-1 was applied when the airflow error was at the steady-state unstart wvalue.
The ability to control disturbances which tend to unstart the inlet is some-
what improved from that obtained from the continuous signal (fig. 6(a)).
However, the two cases are not strictly comparable because of the differences
in stability constraint used.

To indicate the response of the on-off system to a disturbance which is
different from the one used in the design criterion, the response of the sys-
tem to a sinusoidal engine disturbance is shown in figure 14. TFor the fre-
quency range shown, the magnitude of the input disturbance was selected so
that an inlet unstart would occur for the uncontrolled case. Hence for the
maximm negative curve, a unit value of (wce/wcd) would indicate inlet unstart.
Both the maximum negative and positive airflow errors are shown. While the
effects of the asymmetrical signals result in a significant difference in the
two error curves, the performance is felt to be good since flow errors in the
more important negative direction are reduced for the entire frequency range
ghown. The fact that the curves do not approach unity at the high frequencies
is a similar occurrence to that observed for the previous asymmetrical non-
linearities. As previously mentioned, this behavior is a consequence of the
requirement that for periodic motions, the output from the nonlinearity (ana
resulting input to the integrating element) not contain a steady-state
component.

Effects of Varilations in Linear Dynamics

While the emphasis of this report has been on the influence of some of
the inlet pressure signal nonlinearities on the bypass control system effec-
tiveness, it is also of interest to vary the linear dynamics of the components
relative to the inlet to give an indication of these effects. While they can,
of course, be analyzed by means of established linear control theory, it is
desirable to investigate them here by means of the previously used RIAE

stability constraint.

Effects of varying the servo and controller frequencies (damping ratio
remains constant) as well as the inlet dynamics time delay are shown in fig-
ure 15. The basic values used are the nominal ones given in the System Repre-
sentation section except for the particular parameter which is wvaried. The
steady-state relation between normal shock-wave displacement and the corrected
flow change was linearized for the region near the inlet unstart condition
(fig. 3). Since the controller nominal natural frequency is only slightly
higher than that of the servo, the effects of their variation in terms of fre-
guency ratio are essentially the same for the frequency range shown. However,
for (wy/wn ef) - o, the maximum controllable ramp for the controller is 2 per-

cent less than that with the servo. For both controller and servo wp = %,
the maximum controllsble ramp is increased by 80 percent from the nominal case.
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The effects of time delay variations are also shown in figure 15. For
this linear case, a time delay can occur either in the inlet, controller, or a
combination of the two and have the same effect on performance. For this
example, a reduction of the inlet time delay to zero represents the use of a
control signal near the bypass exit. Hence, the effect of moving the control
signal longitudinally from a station near the normal shock wave to the bypass
station is indicated by this reduction. The reduction in time delay is seen
to allow only a moderate increase in performance for the selected value of the
stability constraint since the effects of the dynamics in the remaining
portions of the control loop are still present.

A procedure expected to improve performance for given inlet dynamics is
the addition of a lead network to compensate for the inlet and bypass dynamics
together with a faster response capability for the servo and controller. The
effect of modifying the controller signal with a first order lead network with
a 5:1 ratio of numerator to demoninator time constants is also shown in fig-
ure 15. Nominal values of the system parameters were used. It is of interest
to note that the numerator term of the lead network (0.019 sec) is somewhat
greater than that which would cancel the inlet bypass time constant. A sig-
nificant improvement in performance is seen when the lead network is added.
However, in order to assess whether this advantage could be obtained for an
actual case, some detailed knowledge of the noise characteristics of the sig-
nal pressure would be required. This additional information would then allow
a more complete determination of filtering requirements. Adding the lead
would, of course, also offer potential improvement for the previously dis-
cussed on-off case as well as for the previously discussed nonlinear signals.

Effect of Example Gust Disturbance

Although not intended to be used for selecting control system parameters,
the controlled inlet response to an external disturbance was also investigated
for the linear case. It may be noted that higher performance in the control
of external disturbances may potentially be obtained with a more forward con-
trol of the inlet flow, such as a throat area control, and with a forward con-
trol signal location. However, as previously mentioned, using only a single
high performance control system (the bypass control) is desirable if the
resulting performance for expected external disturbances is at least adequate.
The constants for the previously described nominal linear bypass control sys-
tem, with the control signal located slightly aft of the inlet throat, were
used. The transfer function for the response of this controlled system in
terms of shock-wave displacement due to an external disturbance expressed as
a shock-wave displacement was determined. The external disturbance used was a
statistically described longitudinal gust which was assumed to be only a
velocity disturbance. The constants representing the gust power spectrum and
the transfer function relating a longitudinal velocity disturbance to the
inlet shock-wave position were given in the System Representation section.

The full-scale gust frequencies were increased by a factor of 3 to be com-
patible with the dynamics of the one-third scale model. The resulting power
spectra of shock-wave position with and without the control system are shown
in figure 16. Shock-wave position is used as the output parameter to indicate
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the tendency toward inlet unstart due to the disturbance. The results
indicate the response of the shock-wave position of the one-third scale model
to atmospheric gusts with an rms magnitude of 1 mps. The resulting rms shock-
wave excursion of the model will be proportional to an estimate of the rms
gust magnitude.

An examination of figure 16 indicates a moderate improvement in rms
shock-wave excursion for the controlled case over the uncontrolled case.
While the response for the low frequency range is improved, the disturbance to
the inlet still has significant power for a frequency range above that for
which the control system is effective. As was mentioned for the engine dis-
turbance case, signal lead and higher frequency system components would
improve the control system response at the higher frequencies. However, pos-
sible effects of signal noise would need to be investigated in order to obtain
realistic performance estimates.

An estimate of the tendency toward inlet unstart for a selected inlet
operating point flow condition and for an estimated rms gust velocity can be
obtained as was described in the System Representation section. While pres-
ent measured gust data for the high cruise altitudes of interest are rather
limited, some preliminary results have been reported (ref. 9). As a numerical
example, a falrly high rms turbulence level for a supersonic transport cruise
altitude of 3.05 mps was selected. The resulting rms shock-wave variations of
0.43 em for the controlled case and 0.49 cm for the uncontrolled case are
obtained from figure 16. A representative operating point to allow a margin
for control of internal disturbances was selected to be 2.3 cm (1.65 percent
supercritical airflow). This value is seen to be relatively large in compari-
son to the calculated rms shock-wave excursions. The corresponding average
unstarts per hour, N, were calculated from the values of Ny given in fig-
ure 16 and the equation in the External Disturbance section. The resulting
values are 0.087 unstarts per hour for the controlled case and 2.1 unstarts
per hour for the uncontrolled case for the assumed high rms level of turbu-
lence of 3.05 mps. DNote that these unstart rates are in terms of model dynam-
ics, so that for a full-scale inlet, they would be reduced by a factor of
3. The control is seen to be effective in terms of the unstart frequency
parameter. For this example, the inlet unstart frequency is seen to be quite
small for both cases for the turbulence level and inlet flow operating point
assumed. However, as previously mentioned, values used for the transfer func-
tion between the atmospheric gust and shock-wave excursion and estimates of
the gust structure were rather preliminary, and, hence, further work is needed
to assess the importance of atmospheric gust disturbances on inlet operation.

CONCIUDING REMARKS

Some of the closed-loop control aspects of an inlet bypass system have
been investigated. While the computed results were presented only for a par-
ticular inlet, parameters and a performance criterion were selected which
should facilitate comparisons of bypass control performance with other inlets.
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The criterion consisted of the maximum engine disturbance rate which
could be controlled subject to a time domain stability constraint. The con-
straint was relaxed for initial errors in the decreased airflow direction for
which the inlet tends to unstart. The change improved the ability to correct
the larger errors in this direction while maintaining the desired stability
near the operating point. For given inlet and control system component dynam-
ics, the desired nonlinear signal variation to achieve this result was
obtained. This signal shape was closely approximated by a parabolic variation
in the decreased alirflow direction and a linear wvariation in the opposite
direction and can be used as an ald in selecting available pressure signals.
The effects on control-system performance of measured nonlinear signal charac-
teristics at several locations were evaluated. Although from the performance
standpoint, control was most effective with a pressure signal located near the
bypass opening, performance with the more forward locations was also of inter-
est because of the higher pressure-signal gain available. The difference in
linear dynamics when the signal was located forward of rather than near the
bypass opening tended to degrade the performance. However, an even more
adverse effect was due to the more nonlinear variations for the more forward
locations. One means for avoiding this adverse effect would be to add an
additional pressure signal so that the summed signal would have an acceptable
variation. A simplified form of this addition was inwvestigated, in which only
an on-off signal was added, and shown to give satisfactory results.

The performance of a system with an asymmetrical on-off control was
determined. This system was shown to be as good as the nonlinear continuous-
control system for disturbances that tended to unstart the inlet, although
somewhat greater errors would occur as a result of disturbances in the oppo-
site direction. This form of control would offer potential simplifications in
the sensing and computing elements of the system.

Ames Research Center
National Aeronautics and Space Adminstration
Moffett Field, Calif., 94035, March 20, 1967
720-03-01-01-00-21
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